Abstract: Temperature and humidity inversions are common in the Arctic's lower troposphere, and are a crucial component of the Arctic's climate system. In this study, we quantify the intraseasonal oscillation of Arctic temperature and specific humidity inversions and investigate its interannual variability using data from the Surface Heat Balance of the Arctic (SHEBA) experiment from October 1997 to September 1998 and the European Centre for Medium-Range Forecasts (ECMWF) Reanalysis (ERA)-interim for the 1979-2017 period. In January 1998, there were two noticeable elevated inversions and one surface inversion. The transitions between elevated and surface-based inversions were associated with the intraseasonal variability of the temperature and humidity differences between 850 and 950 hPa. The self-organizing map (SOM) technique is utilized to obtain the main modes of surface and elevated temperature and humidity inversions on intraseasonal time scales. Low (high) pressure and more (less) cloud cover are related to elevated (surface) temperature and humidity inversions. The frequency of strong (weak) elevated inversions over the eastern hemisphere has decreased (increased) in the past three decades. The wintertime Arctic Oscillation (AO) and Arctic Dipole (AD) during their positive phases have a significant effect on the occurrence of surface and elevated inversions for two Nodes only.
Introduction
Temperature inversions in the lower troposphere occur frequently in the Arctic, especially in winter [1] . The recent increasing trends in lower tropospheric temperature can influence features of the Arctic inversions [2] , which in turn modulate the surface energy balance and the amplified Arctic response to increased greenhouse gas concentrations [3, 4] . The strength of the Arctic inversions also influences ozone and other pollutants' concentrations [5] [6] [7] in the Arctic troposphere. In addition, there is a strong interaction between Arctic clouds and the vertical temperature structure in the troposphere [8] [9] [10] [11] . Thus, temperature inversions play a key role in the Arctic climate system.
There are two types of Arctic temperature inversions: surface-based and elevated inversions [12] . The former is usually related to negative surface net radiation; the latter results either from buoyant overturning related to cloud formation and cloud-top radiative cooling or from warm air advection [10, 13] . Surface-based inversions occur during clear-sky anticyclonic circulations, whereas elevated inversions occur during cloudy cyclonic conditions [12] . Each type has seasonally dependent variations in frequency and inversion-base height, thickness, and strength [14] .
Long-term sounding data in Alaska for the 1957-2008 period revealed interannual and multi-decadal variability of temperature inversions [15] . Observations from the Surface Heat Balance of the Arctic (SHEBA) field experiment (Uttal et al. [16] ) provided a detailed description of the Arctic inversions [1] . Using the European Centre for Medium-Range Forecasts (ECMWF) 40-year reanalysis (ERA-40), Wetzel and Brümmer [17] investigated the spatial distribution of Arctic inversion features, such as the frequency of occurrence, height, depth, and strength, on various timescales ranging from the annual cycle to long-term trends. Some satellite data have also been utilized to examine the frequency and strength of temperature inversions in the Arctic [18] [19] [20] [21] [22] .
Specific humidity inversions have also been observed over the Arctic Ocean [9, 23, 24] and on the archipelago of Svalbard [25, 26] . Devasthale et al. [27] documented a clear-sky climatology of Arctic humidity inversions based on Atmospheric Infrared Sounder (AIRS) profiles. Based on data from the Integrated Global Radiosonde Archive (IGRA) from 36 Arctic stations, Nygård et al. [28] investigated the climatology and characteristics of Arctic humidity inversions. To circumvent the problem of sparse stations, Brunke et al. [29] examined the climatology of Arctic humidity inversions using a variety of reanalysis datasets.
While previous studies concentrated on the frequency of occurrence, height, thickness, and strength of the Arctic temperature and humidity inversions and their interannual variability and trends, very few studies focused on the intraseasonal variability of Arctic temperature and humidity inversions and their relation to the large-scale circulation indices. Here, we examine Arctic inversions of temperature and specific humidity on the intraseasonal time scale using SHEBA data from October 1997 to September 1998 and further explore the reason for the intraseasonal oscillation of the inversions on interannual time scales using the ERA-Interim reanalysis.
Data and Methods

SHEBA Data
The observed vertical profiles of atmospheric variables are derived from the SHEBA experiment, which was a year-long field experiment deployed on a drifting sea-ice station in the Chukchi and Beaufort Seas from 2 October 1997 to 12 October 1998 [16] . Figure 1 shows the track of the SHEBA ice station. Profiles of temperature, pressure, relative humidity, and wind were measured with Vaisala RS80-15GH radiosondes. In this study, twice daily soundings at 0000 and 1200 Universal Time Coordinated (UTC) were interpolated into 50-m bins to obtain the temperature and specific humidity profiles. The Vaisala RS80-A and RS80-H radiosondes show a dry bias of 2-10% in relative humidity under cold and dry conditions, while the bias increases for temperatures below −40 • C [30] . In our study, air temperature is mostly above −40 • C, so that errors of more than 10% were avoided. Some features of the atmospheric sounding measurements can be found at https://www.eol.ucar.edu/projects/sheba/ [31] . No corrections have been applied to the temperature and specific humidity profiles.
ERA-Interim Reanalysis Dataset
To explain the formation and variability of temperature and specific humidity inversions, we utilized large-scale circulation data derived from the ERA-Interim from December 1979 to February 2017 [32] . ERA-Interim corrects an erroneous Arctic warming trend found in ERA-40 [33] , which is related to the discontinuity in 1997 as a response to the processing of satellite radiances [34] . ERA-Interim outperforms the other reanalyses in air temperature and humidity of the lower troposphere over the Arctic, though it shows a warming bias of 2 K and a moist bias of 0.3-0.5 g kg −1 [35] . 
Methods
Self-organizing map (SOM) [36] is a neural-network-based analysis method that can reduce multi-dimensional data into a two-dimensional array using unsupervised learning. The vector for each node of the array represents a spatial pattern of the input data. Thus, the SOM array shows the continuously spatially varying patterns of the input data. The SOM method has three advantages. First, it does not assume a priori a distribution of the input data [37] . Second, by adding a topological map, SOM can effectively provide the continuum of patterns for the input data relative to cluster analysis. Third, unlike the Empirical Orthogonal Function (EOF) approach, SOM does not require the orthogonality of two nodes, thus producing more objectively the spatial patterns of the input data. SOM analysis has been used in extracting a continuum of atmospheric circulation patterns [37] [38] [39] [40] [41] . To determine the size of the SOM array, we calculated the spatial correlation between the strength of the inversion at each time and its corresponding SOM pattern. The spatial correlation does not change much, varying from 0.32 for 3 × 3 grids to 0.35 for 4 × 4 grids and 0.37 for 5 × 5 grids. Thus, we chose the 4 × 4 grids as the size of the SOM array. To compare and confirm the results of the SOM analysis, we also performed an EOF analysis for the same variable.
The Arctic Oscillation (AO) index [42] is derived from the Climate Prediction Center (CPC). The Arctic Dipole (AD) index is obtained from the EOF analysis of wintertime sea-level pressure (SLP) north of 70 • N [43] . The time series of the second EOF mode corresponds to the AD index. Figure 2 shows the profiles of the temperature and specific humidity in January 1998. There were two main warm periods (Figures 2 and 3 ). On 5 January, there was a maximum value of −8.7 • C at 1370 m and a maximum specific humidity of 1.8 g kg −1 at 1700 m. A surface-based temperature and specific humidity inversion occurred below 150 m. From 150 m to 600 m, temperature and specific humidity decreased with height. From 600 m to 1600 m, a temperature elevated inversion of 14.6 • C occurred. Meanwhile, a specific humidity inversion of 1.1 g kg −1 occurred from 600 m to 1350 m. On January 29, the warm period had a maximum temperature of −11.5 • C at 1600 m and a maximum specific humidity of 1.7g kg −1 at 1650 m. Elevated inversions of both variables reoccurred, but their base heights of 900 m were higher than during the first warm period. There was an obvious cool and dry period between these two periods, especially at the surface (Figures 2 and 3) . At the surface, the minimum air temperature and specific humidity were −37.5 • C and 0.09 g kg −1 , respectively, on 15 January. A remarkable surface-based inversion existed below 1450 m whose strength is 8.9 • C for temperature and 0.3 g kg −1 for specific humidity. Radiative cooling appeared to be responsible for this inversion. Above the inversions, temperature and specific humidity decreased steadily with height.
Results
Profiles of Temperature and Specific Humidity
The transition between the two kinds of inversions in January 1998 corresponds to an intraseasonal variability of temperature and specific humidity. We make a wavelet analysis of temperature and specific humidity at different levels during the 1997/1998 winter (not shown). There is a noticeable period of 20-30 days. The intraseasonal variability of air temperature and specific humidity with a period of more than 20 days was also noted before [13] . This indicates that the intraseasonal variability of atmospheric circulation modulates the transition of different inversions.
Mechanisms
To explore the underlying mechanism responsible for these inversions, we show plots of various atmospheric variables on 5, 15, and 29 January 1998 (Figures 4 and 5) . On 5 January 1998, the SHEBA site (Figure 4a ) was under the influence of a high-pressure ridge. Southerly winds transported warm and moist air to the site (Figure 4b) , which increased the 850-hPa temperature and moisture (Figure 4a,b) , thus leading to the formation of elevated inversions at the site. The heat and water vapor fluxes showed a spatial pattern similar to that of the 850-hPa wind field (not shown). The larger downward surface infrared radiation as a result of increasing moisture not only increased the surface air temperature, but also diminished the strength of the surface-based inversion (Figure 5a ). On 29 January 1998, the larger warm air advection caused by stronger southerly winds (Figure 4f ) induced by the strong zonal gradient of geopotential height (Figure 4e ) resulted in similar temperature and specific humidity inversions. The stronger warm air advection increased the moisture and decreased the temperature on 29 January 1998 compared to those on 5 January 1998 (Figure 4e,f) . On 5 January 1998, the downward motion at 850 hPa (Figure 5b ) at the SHEBA site produced warming at this level, whereas on 29 January 1998 the 850-hPa upward motion (Figure 5f ) reduces the temperature increase caused by the warm air advection. On 29 January 1998, the stronger downward surface longwave radiation also raises the surface air temperature and suppresses the occurrence of surface-based inversions (Figure 5e ). On 15 January 1998, the 500-hPa geopotential height field was characterized by a meridional dipole with a positive center at 80 • N, 170 • W and a negative center at 60 • N, 170 • W, which generated northerly winds over the SHEBA site (Figure 4c,d) . The cold and dry air from higher latitudes decreased the temperature and specific humidity, and thus the possibility of elevated inversions (Figure 4c,d) . Small downward surface longwave radiation favored the occurrence of surface-based inversions (Figure 5c ). The weak downward motion produced minimal warming at 850 hPa (Figure 5d) . Figure 5a ,c,e shows the total cloud cover on 5, 15, and 29 January 1998. During January 1998, the total cloud cover above the observation site was approximately equal to 1.0, which was favorable for the occurrence of downward longwave radiation at the surface [10, 13] . The total cloud cover was primarily contributed by a low cloud cover (not shown). On 29 January 1998, the total cloud cover (0.37) was larger than that on 15 January 1998 (0.2), suggesting larger downward longwave radiation on 29 January 1998. 
The Spatio-Temporal Variability
The aforementioned inversion events occurred in January 1998. It is essential to extend the analysis of wintertime inversions to the whole Arctic Ocean over a longer period. During northern high-latitude winters, the profile of low-troposphere temperature and specific humidity usually alternates between the two kinds of inversions [13] , which can be seen in Figure 2 . For elevated inversions, the (positive) temperature and humidity differences between 850 hPa and 950 hPa are large; for surface inversions, the values are relatively small (Figures 2 and 3) . Thus, the anomalies of these temperature and humidity differences are positive and negative for elevated and surface inversions, respectively.
The Wavelet analysis was utilized to investigate the period of the variability of temperature and humidity differences between 850 hPa and 950 hPa at the location (75 • N, 155 • W) on the SHEBA camp during January 1998. Periods of 40 and 27-33 days are significant for temperature and specific humidity difference, respectively ( Figure 6 ) with a confidence level above 95%. It confirms the intraseasonal variability related to the alternation of two kinds of inversions. To further examine the spatio-temporal variability of the intraseasonal variability, we applied a 10-60-day band-pass filter to the temperature differences at two levels to retain only the intraseasonal variability [44] . For each grid point, we subtracted the 38-year average from the 10-60-day filtered temperature differences at each time to obtain its anomaly. A normalized temperature difference was obtained by dividing the anomalous filtered temperature inversion by its standard deviation at each grid point. The same process was applied to the specific humidity differences. Considering the co-variation of two inversions, we carried out a SOM analysis of the normalized temperature and specific humidity differences to obtain the main modes of the differences on the intraseasonal timescale.
SOM patterns of temperature and humidity differences are shown in Figure 7 . Node 4, which shows an anomalously negative temperature difference over most of the study region, has the highest frequency of occurrence of 10.3%, with the smallest value over the central Arctic Ocean (Figure 7) . As a mirror of Node 4, Node 13 has the second highest frequency of occurrences (9.1%). Nodes 10 and 7 are in the transition state between Nodes 4 and 13. Nodes 1 and 16 have a nearly opposite spatial pattern. For Node 1, positive (negative) temperature difference anomalies occur mainly over the western (eastern) hemisphere of the Arctic Ocean. Nodes 6 and 11 vary between Nodes 1 and 16. Nodes 5, 8, 9, and 12 are in the transition state from a dipole structure to a monopole structure of temperature difference. The spatial patterns of the specific humidity difference are similar to those of the temperature differences, as the correlation coefficients of their spatial patterns are greater than 0.8. To better understand the SOM results, we have also done an EOF analysis of 10-60-day filtered temperature differences. The spatial pattern of the first EOF mode (Figure 8 ) is somewhat similar to those of SOM Nodes 9, 13, and 14 in Figure 7 . The variance explained by the first EOF mode (23.0%) is approximately equal to the sum of the occurrence frequency of the three SOM nodes (23.6%). Similarly, the spatial pattern of the second EOF mode (Figure 8 ) is similar to those of SOM Nodes 1 and 5. The variance explained by the second EOF mode (10.5%) is smaller than the sum of the occurrence frequency of the two SOM nodes (14.4%). While the results from the EOF and SOM analyses are similar, the SOM analysis shows more details and transitional states. As mentioned earlier, positive and negative values in the spatial patterns in Figure 7 correspond to elevated and surface inversions, respectively. The positive elevated temperature gradients correspond to negative 500-hPa geopotential heights ( Figure 9 ) and vice versa for most of the nodes. Their spatial correlation coefficients vary from −0.20 for Node 7 to −0.80 for Node 10 with a confidence level above 95%. This is consistent with the finding of Stramler et al. [13] that elevated temperature and humidity inversions are related to the low-pressure phase of a baroclinic wave.
Node 11 has a spatial correlation coefficient of 0.12; its atmospheric circulation shows a zonally symmetrical structure, indicating a positive phase of AO, which is not favorable for the formation of elevated inversions [42] . For the other Nodes, the meridional circulation related to synoptic systems determines the transport of heat and water vapor, which affects the formation of elevated inversions. The spatial correlations between specific humidity inversions and 500-hPa height show similar results.
We also calculated the spatial correlation between anomalous temperature inversions and total cloud cover for each Node (Figure 9 ). The correlation coefficients are positive, ranging from 0.11 for Node 6 to 0.89 for Node 3, indicating more (less) temperature inversions during a more (less) cloudy state, which is consistent with the finding of Stramler et al. [13] .
The occurrence number of each Node varies differently with time ( Figure 10 ). Only the occurrence number of Nodes 1 and 5 shows a statistically significant trend of −0.28 year −1 and 0.21 year −1 , respectively. Considering the spatial pattern of Nodes 1 and 5, the number of strong (weak) elevated inversions over the eastern hemisphere decreased (increased) in the past three decades. The number of strong and weak surface inversions shows a similar change. Here, strong and weak inversions indicate different magnitudes of spatial patterns of Nodes 1 and 5. The AO and AD are the first two climate modes north of 70 • N and have a significant impact on the Arctic's atmospheric circulation and surface climate [43] . Their positive, negative, and neutral phases are defined for the index values >1, <−1, and between −1 and 1 ( Figure 11) . However, the frequency of SOM node occurrences in Figure 9 is found to differ little for different AO and AD phases, except for the following two situations. During the positive AO winters, the frequency of occurrence for Node 14 is 11.2%, which is significantly higher than the climatological 7.6%. The positive AD index is related to a frequency occurrence of 3.4% for Node 16, which is half of the climatological 6.8%. Further analysis indicates that the positive AO phase produces an increased (decreased) frequency of elevated temperature and humidity inversions over the central Arctic Ocean (the rest of the Arctic Ocean). In contrast, the positive AD index results in a decreased frequency of surface (elevated) inversions over the eastern (western) hemisphere of the study region. 
Discussion and Conclusions
The vertical profiles of temperature and specific humidity from the SHEBA experiment and ERA-interim reanalysis data in January 1998 revealed the intraseasonal variability of temperature and specific humidity inversions. In addition, the SOM technique was utilized to investigate the spatial patterns of the intraseasonal oscillation over the whole Arctic Ocean and their interannual variability and trend.
In January 1998, the 850-hPa temperature and specific humidity over the Arctic Ocean exhibited an intraseasonal oscillation with a period of 20-30 days, which is closely related to transitions between elevated and surface-based inversions. During warm periods, there was an elevated inversion with a base height of 600 m; during cold periods, a surface-based inversion occurred. The elevated inversion was associated with warm air advection and relatively large downward surface longwave radiation, whereas cold air advection and relatively small downward surface longwave radiation accompanied the surface-based inversion.
SOM analysis of the ERA-Interim reanalysis data for 38 winters was utilized to examine the spatial pattern of surface and elevated inversions on intraseasonal time scales. For most Nodes, anomalous low (high) pressure was associated with elevated (surface) inversions anomalies, and vice versa. The cloud cover was positively (negatively) correlated to the occurrence of elevated (surface) inversions. The frequency of strong (weak) positive elevated inversions over the eastern hemisphere decreased (increased) in the past three decades. The AO and AD indices have significant impacts on the frequency of inversion occurrences only during their positive phases for two Nodes.
Although previous studies have also discussed the mechanisms for the formation of elevated and surface-based inversions for temperature and specific humidity [12, 23] , as far as we know, our study represents the first to investigate them on the intraseasonal time scales over the Arctic north of 70 • N for the 1979-2017 period. Bourne et al. [15] noted the significant impact of the Pacific Decadal Oscillation (PDO) and the Northern Atlantic Oscillation (NAO) on surface-based temperature inversions in Alaska. However, a significant impact from PDO and NAO indices on elevated inversions over the Arctic Ocean is not seen in our study.
Our research focuses only on boreal winters. The spatio-temporal pattern of elevated temperature and humidity inversions on intraseasonal time scales remains to be examined for other seasons. The SHEBA data are limited to the Arctic Pacific sector; more observational data from other sectors of the Arctic Ocean are needed.
